Pathogenesis hinges on successful colonization of the gastrointestinal (GI) tract by pathogenic facultative anaerobes. The GI tract is a carbohydrate-limited environment with varying oxygen availability and oxidoreduction potential (ORP). How pathogenic bacteria are able to adapt and grow in these varying conditions remains a key fundamental question. Here, we designed a system biology-inspired approach to pinpoint the key regulators allowing Bacillus cereus to survive and grow efficiently under low-ORP anoxic conditions mimicking those encountered in the intestinal lumen. We assessed the proteome components using highthroughput nanoLC-MS/MS techniques, reconstituted the main metabolic circuits, constructed ∆ohrA and ∆ohrR mutants, and analyzed the impacts of ohrA and ohrR disruptions by a novel round of shotgun proteomics. Our study revealed that OhrR and OhrA are crucial to the successful adaptation of B. cereus to the GI tract environment. Specifically, we showed that B. cereus restricts its fermentative growth under low-ORP anaerobiosis and sustains efficient aerobic respiratory metabolism, motility and stress response via OhrRA-dependent proteome remodeling. Finally, our results introduced a new adaptive strategy where facultative anaerobes prefer to restrict their fermentative potential for a long-term benefit.
INTRODUCTION
Facultative anaerobes encompass all the major pathogens of the human gastrointestinal (GI) tract. The GI tract poses several challenges for pathogens as it is sliced into distinct niches with different oxygen concentrations and different oxidoreduction potentials (ORP) (1) (2) (3) . Whilst much is known about gene expression and metabolism under fully aerobic and high-ORP anaerobic condition (4, 5) , our knowledge about the physiological impact of low-ORP anoxic conditions and the underlying molecular mechanisms is scarce (6) .
Bacillus cereus is a notorious food-borne pathogenic bacterium. Like the closelyrelated Bacillus anthracis (7, 8) , it is a recognized agent of GI tract infections (9) (10) (11) . The critical step of infection takes place in the small intestine, where B. cereus has to grow and produce virulence factors to induce diarrhoeal disease (11, 12) . Thus, how B. cereus adapts its catabolism and regulates its proteome across the range of physiologically relevant ORP and oxygen availabilities is important for its survival and growth. In B. cereus, anaerobic and aerobic catabolism work through different pathways. In the presence of oxygen, reducing equivalents generated by glycolysis and the TCA cycle (NADH, FADH) are reoxidized by the respiratory chain, resulting in the build-up of a proton-motive force and the subsequent synthesis of ATP. Acetate excretion can occur aerobically when carbon flux into the cells exceeds TCA cycle capacity. In the absence of oxygen or other external electron acceptors (such as nitrate), NADH is reoxidized in terminal step fermentative reactions from pyruvate.
When grown in pH-controlled anaerobic batch cultures (pH~7), the fermentative by-products of B. cereus are lactate, succinate, acetate, and ethanol. The relative rate of formation of these products is influenced by the ORP of the growth medium which directly impacts the intracellular redox state (6, (13) (14) (15) (16) (17) (18) . The intracellular redox state is dependent on the degree of oxidation or reduction of various redox-active species. Among these species, NAD(P)H/NAD(P) and low-molecular-weight thiol/disulfide (SH/S-S) compounds are of special significance as they mediate redox regulation through direct effects on proteins. The activities of many metabolic enzymes depend on the steady-state NAD(P)H/NAD(P) ratio, while proteins with essential SH/S-S groups can be regulated by post-translational modification involving cellular thiols and disulfides. The main low-molecular-weight thiols in B. cereus ATCC 14579 cells are bacillithiol and cysteines (19) . On the other hand, the NAD(P)H/NAD(P) and SH/S-S ratios are closely related to cellular levels of reactive oxygen species (ROS). NAD(P)H and thiols contribute to ROS formation via NAD(P)H oxidase activity and thiyl radicals, respectively, while thiol-dependent peroxidase-catalyzed reactions use NAD(P)H and thiols to scavenge hydrogen peroxide and limit ROS formation. At low concentrations, ROS play essential roles in redox homeostasis. Their high reactivity allows fast local oxidation of protein (i.e. protein disulfide bond formation) in the reducing cytoplasm. However, this high reactivity also leads to cell damage if cellular capacity to scavenge ROS is compromised (20) (21) (22) (23) .
In B. cereus, the expression of most of the genes encoding metabolic enzymes is modulated by the two redox systems, ResDE (a two-component system, (6, 24) ) and Fnr (a one-component system, (18, 25) ), and the catabolite control protein A (CcpA, 26) . Despite the knowledge currently gathered throughout these studies, we still lack a global quantitative understanding of the contribution of the multilevel regulatory events that govern metabolic modes (anaerobic fermentation versus aerobic respiration). One potential strategy for tackling this issue is to use a system biology approach (27) , i.e. assessing the proteome components with high-throughput techniques, rebuilding the main metabolic circuits, inactivating key regulators and verifying their impacts. Here, we compare B. cereus ATCC 14579 proteomes established for cells grown under low-ORP conditions (considered to mimic those encountered in the intestinal lumen (3)), oxic conditions (considered to mimic those encountered in zones adjacent to the mucosal surface (2) ) and intermediary high-ORP anoxic conditions. This comparative analysis identified OhrA, a thiol-dependent peroxidase-like protein, as a putative low-ORP sensor. OhrA is encoded by ohrA, which is the second cistron of the ohrR-ohrA operon in B. cereus ATCC 14579. The ohrR cistron is predicted to encode a MarR-like repressor of ohrA. The ∆ohrR and ∆ohrA mutants were constructed and analyzed for their effect on growth, glucose catabolism, proteome composition under low and high-ORP anaerobiosis and aerobiosis. Our results indicate that OhrA and OhrR are major factors controlling glucose catabolism and global proteome in B. cereus under both anaerobic fermentative and aerobic respiratory conditions. We discovered that the OhrRA system restricts B. cereus fermentative capacity under low-ORP anoxic growth conditions while boosting motility, respiratory metabolism and resistance against external ROS. We conclude that the OhrRA system may function in B. cereus as a major redox signal transduction system to co-regulate catabolism, motility and oxidoreductive stress resistance in an environment with varying oxygen and ORP conditions such as that encountered in the human intestine.
Finally, our findings provide detailed insights into the metabolic events required to maximize survival in stressful environments characterized by strong temporal and/or spatial fluctuations in ORP and oxygen levels.
EXPERIMENTAL PROCEDURES
Bacterial strains and growth conditions -Wild-type, ∆ohrA and ∆ohrR B. cereus ATCC 14579 (28) strains were grown at 37°C in synthetic MOD medium supplemented with 30 mM glucose as carbon source, as previously described (12) . The pH of these cultures was maintained at 7.2 by automatic addition of 2N KOH. The bioreactor was equipped with a Mettler Toledo polarographic oxygen electrode coupled with feedback regulation to maintain the setpoint dissolved oxygen tension (pO 2 ) via air sparging and agitation speed. The bioreactor was sparged with air alone to set a pO 2 value of 100%. A pO 2 of 0% was obtained by continuously flushing the medium at 20 ml/h with either pure N 2 or pure H 2 gas previously filtered through a Hungate column. Oxidoreduction potential (ORP) was measured using a redox-combined electrode (AgCl, Mettler Toledo), and the values were corrected to the reference electrode value (E ref = + 200 mV at 37°C). Each bioreactor was inoculated with a culture grown overnight under aerobiosis or anaerobiosis in MOD medium supplemented with carbon source and the required electron acceptors. A sample of the overnight culture was diluted in fresh medium to obtain an initial optical density at 560 nm of 0.02. Cells were harvested by centrifugation at the early-exponential growth phase, i.e. 1.5 h after reaching the maximal growth rate (when µ = 80 (±10)% of µ max ) and immediately frozen at -80°C until analysis. Supernatants were kept for metabolite and glucose assays. For motility and disk diffusion assays, B. cereus cells were grown in Luria-Bertani (LB) medium under aerobic or anaerobic conditions. For anaerobic growth, cells were incubated in an Oxoid anaerobic jar.
Growth at low temperature was performed at 15°C.
RNA isolation, operon mapping and expression analysis -To investigate the transcriptional organization and expression of the ohrA-ohrR locus, reverse-transcription PCR (RT-PCR) was performed with total RNA isolated from B. cereus ATCC 14579 as previously described (12) . Fragments corresponding to ohrA, ohrR and the ohrA-ohrR intergenic regions were amplified by RT-PCR using the Titan one Tube RT-PCR system following the manufacturer's protocol (Roche). The primer pairs used for ohrA, ohrR and the ohrA-ohrR intergenic region are 5'-CAGGTGGAAGAAATGGGAAA-3' plus 5'-GCCGAAACCACCATCTGTAT-3', 5'-TGTTTTTCTATTTACGCCTGCTC-3' plus 5'-TGTAGCCATCGTTGTCGGTA-3', and 5'-CGAAACAAGCTGCATAACCA-3' plus 5'-TACCGACAACGATGGCTACA-3', respectively. To check whether contaminant genomic DNA was present, each sample was tested in a control reaction without reverse transcriptase. The 5' end of ohrA-ohrR mRNA was mapped from a 5' RACE PCR product obtained with the 3'/5' RACE kit (Rapid amplification of cDNA ends, Roche). Briefly, the first-strand cDNA was synthesized from total RNA with ohrA-ohrR-specific SP1 primer (5'-TGTAGCCATCGTTGTCGGTA-3'), avian myeloblastosis virus reverse transcriptase, and the deoxynucleotide mixture of the 3'/5' RACE kit following the manufacturer's instructions. After purifying and dA-tailing the cDNA, PCR with the (dT)-anchor oligonucleotide primer and the ohrA-ohrR-specific SP2 primer (5'-TTTTCGCTCGTCTTCTTTGG-3') followed by a nested PCR with SP3 primer (5'-CCATCTTGCTCCCATAGTACG-3') led to a PCR product of approximately 140 bp, as revealed by 2% agarose gel electrophoresis. This PCR product was purified and sequenced.
Real-time RT-PCR was performed using SYBR Green technology on a LightCycler instrument (Roche Applied Science), as described previously (6) . Analytical procedures and physiological parameters -B. cereus growth was monitored spectrophotometrically at 560 nm and calibrated against cell dry weight measurements, as previously described (12) . Specific growth rate (µ) was determined using the modified Gompertz equation (32, 33 
Construction of

NanoLC-MS/MS analysis -NanoLC-MS/MS analyses were performed on an LTQ-Orbitrap
XL hybrid mass spectrometer (ThermoFisher) coupled to an UltiMate 3000 LC system (Dionex-LC Packings) operated as previously described (12) . Peak lists were generated on Supplemental Table S4 . The database comprises 14,679 unique peptide sequences. Supplemental Table S2 shows the 461,191 assigned spectra and the peptide coverage for the 1,344 proteins identified in this study.
Significant variations were assessed using Patternlab software (37), as previously described (12) . Supplemental Table S3 reports log 2 (fold-change) and p-values obtained with the T-fold statistical method adapted for high-throughput hypothesis tests (37) . A BH-FDR statistical test was calculated to evaluate the global false discovery rate for each comparison.
Motility and disk diffusion assays -
The medium used for swimming assays was LB containing 0.3% (wt/vol) Bacto-agar (Difco). Cells were grown to mid-log phase and adjusted to the same density as evaluated by OD 600 measurements. Then, a 10-µl drop of exponential growth phase culture was spotted on a plate, incubated at 37°C, and swimming distances were measured after 72 h. For disk diffusion assays, cells were grown to mid-log phase. Then, 100
µl of cells at an OD 600 of around 0.4 were mixed with 4 ml of LB medium containing 0.75% agar, and poured onto plates containing 25 ml of LB agar. Next, 6 mm paper disks containing 10 µl of hydrogen peroxide (0.8 M or 0.08 M) were placed on top. The clear zones were measured after incubating plates for 24 h at 37°C.
RESULTS
Analysis of central carbon metabolism in early-grown B. cereus cells.-To elucidate
how B. cereus adapts to low-ORP anoxic conditions considered as mimicking those encountered in the intestinal lumen (3), we used hydrogen gas as a non-selective and nontoxic reducing agent for the growth medium (initial ORP = -410 mV; pO 2 = 0%). The GI tract can also contain substantial amounts of H 2 (38) . Bacteria were grown in pH and temperatureregulated bioreactors using glucose as sole and limiting carbon source (pH 7, 37°C, 30 mM glucose). The reference condition was growth under high-ORP anaerobiosis (initial ORP= -10 mV; pO 2 = 0%). B. cereus was also grown under aerobiosis (initial ORP= +140 mV; pO 2 = 100%), which is considered as mimicking the conditions encountered in zones adjacent to the mucosal surface (2) . Like all the facultative anaerobes, B. cereus ATCC 14579 (28) cells grow slower and less efficiently in anoxic fermentative conditions than in oxic respiratory conditions (see Supplemental Table S1 ). The fermentative end-products arising from the pivotal intermediates pyruvate and acetyl-CoA are lactate, formate, ethanol, and acetate, which we systematically quantified. Producing these products in a given specific ratio allows B. cereus to grow efficiently in both low-and high-ORP anoxic conditions ( Fig. 1A and Supplemental Table S1 ) (17) .
High-throughput characterization of the proteome from B. cereus ATCC 14579
harvested at the early exponential phase was achieved for all three culture conditions via an extensive shotgun nanoLC-MS/MS analysis performed with triplicate biological samples. For this purpose, the proteins from the nine samples were resolved by their molecular weight by SDS-PAGE. After migration, the gel was sliced into 10 polyacrylamide bands and subjected to trypsin proteolysis, and the resulting peptide mixtures were analyzed by tandem mass spectrometry with a LTQ-Orbitrap XL mass spectrometer. A total of 216,443 MS/MS spectra were recorded through the analysis of these 90 nanoLC-MS/MS runs. A total of 107,480 different MS/MS spectra (see Supplemental Table S4 ) were confidently assigned to 1,142
proteins (see Supplemental Table S3 ). The detected proteins were catalogued into 13 functional groups. Figure 1B and Supplemental Table S2 show that the global distribution of proteins among these functional groups did not change significantly in the three different growth conditions studied. However, the percentages of MS/MS spectra assigned to central enzyme and NADH/NAD + in both reductive and oxidative directions. OGDHC also catalyzes ROS production (39, 40) . Our proteomic data indicate that (i) SucB is the only 2-oxo-acid dehydrogenase subunit that preferentially accumulates under low-ORP anaerobiosis, and (ii) abundance of SucB may be fairly similar in low-ORP anoxic and fully oxic conditions ( Fig. 2 and Supplemental Table S3 ). It is thus possible that SucB may contribute to redox signaling under both low-ORP anaerobiosis and aerobiosis (39) . Table S3 ). TypA, AphF, KatA and DnaK were also significantly more abundant in aerobically-grown cells than in high-ORP anaerobically grown cells, as reported in other microorganisms (41) . As a result, the abundances of these proteins were found to be statistically unchanged between low-ORP anoxic and oxic conditions (see Supplemental Table S3 ). However, the low p-values associated to the log 2 (fold-change) of Dps2 (log 2 = -1.4, p-value = 0.017) and OhrA (log 2 = -0.7, p-value = 0.077) in oxic conditions versus low-ORP anoxic conditions indicated that it is reasonably likely that both Dps2 and OhrA are more abundant in low-ORP anaerobicallygrown cells than in aerobically-grown cells (see Supplemental Table S3 ). OhrA is a putative
Analysis of chaperones and stress response protein abundance pattern
Cys-based thiol-dependent peroxidase (22, (42) (43) (44) . (Fig. 3A) . The first cistron is predicted to encode OhrR, a MarR-like repressor of ohrA that could function as a redox sensor via its cysteine residues (Fig. 3B) (46, 47) . RT-PCR experiments demonstrated that ohrR and ohrA were actually co-transcribed under both aerobiosis and anaerobiosis, whatever the redox conditions (Fig. 3A) . where ohrA and ohrR are transcribed in the opposite direction, but was similar to that observed in other sequenced members of the B. cereus group (see Supplemental Table S5 ).
Sequence analysis also showed that the stop codon of ohrR is located close to the start codon 
Physiological characteristics of B. cereus ∆ohrA and ∆ohrR mutants -We created
∆ohrA and ∆ohrR mutants by introducing a spectinomycin resistance cassette into the corresponding genes (30) . The ∆ohrA mutant showed a significantly lower growth rate than the wild-type under aerobiosis (-29 ± 3%) and to a lesser extent under anaerobiosis (-22 ± 2%; Fig. 4A ), probably due to lower glycolytic fluxes (or glucose uptake rates) under aerobiosis and anaerobiosis (Fig. 4B) . Fermentative ∆ohrA cells secreted lower amounts of lactate compared to wild-type cells (Fig. 4C) , indicating that the rate-limiting step in glucose uptake is the NAD + -generating lactate pathway. Unexpectedly, ∆ohrR mutant showed a significantly higher growth rate than the wild-type under low-ORP anoxic conditions (1.17 ± 0.01 h -1 versus 0.75 ± 0.01 h -1 in the wild-type), whereas there were no significant differences under high-ORP anaerobiosis or aerobiosis ( Fig. 4A and supplemental Table S1 ). Figure 4B shows that the high growth rate of low-ORP anaerobic ∆ohrR cells is associated with high glycolytic flow. Figure 4C shows analyzing the 2x90 nanoLC-MS/MS runs. A total of 1,344 proteins were identified after appending all the mass spectrometry results recorded in this study. These proteins were quantified by applying the spectral count method in the 27 proteomes. Like the wild-type strain, ∆ohrA and ∆ohrR mutants showed crystal-clear proteomic remodeling between high-ORP anoxic and oxic growth conditions and, to a lesser extent, between low-ORP and high-ORP anoxic conditions (see Supplemental Table S3 ). However, compared to the remodeling observed in wild-type cells, this proteome remodeling differed significantly in terms of i) the number and identity of proteins that showed significant abundance level changes (Fig. 5A) and ii) the distribution of the abundance changes (Fig. 5B ). These data indicate that both ohrR and ohrA contribute to global proteome remodeling in response to oxygen availability and extracellular ORP changes under anaerobiosis in early-growing cells.
Analysis of protein abundance patterns in ∆ohrR and ∆ohrA cells -A large fraction of fermentative and TCA cycle-related enzymes showed significant abundance changes in anaerobically and aerobically-grown ∆ohrR and ∆ohrA cells (see Supplementary Table S3 ).
The largest decreases in TCA cycle enzyme abundance were observed in aerobically-grown under the three growth conditions tested (log 2 <-2.5, p < 0.05, relative to wild-type ; Fig. 6B ).
As a result, ∆ohrR cells showed decreasing swimming ability compared to wild-type cells (Supplemental Fig. S2 ).
Our data also revealed that the abundance pattern of some chaperones and stress-related proteins is differently modulated in ∆ohrR and ∆ohrA cells (Fig. 6B and Supplemental Table   S3 ). Among them, DnaJ chaperone was significantly down-regulated in ∆ohrR cells but remained unchanged in ∆ohrA cells whatever the conditions. In addition, the GroES chaperone and the cold-shock protein CspB were strongly up-regulated in ∆ohrR cells (log 2 >2.5, p < 0.05, relative to wild-type), which could explain the experimentally-evidenced quicker adaptation of these mutant cells to a temperature drop ( Supplementary Fig. S4 ).
Among the antioxidant proteins, OhrA showed the highest abundance decrease in both low-ORP anaerobically and aerobically-grown ∆ohrR cells (Fig. 6B) . Lack of OhrA could therefore provide one explanation for the lower resistance against external H 2 O 2 of both ∆ohrR and ∆ohrA cells under both anaerobiosis and aerobiosis (see Supplementary Fig. S3 ).
Figure 6B also shows that the abundance pattern of antioxidant proteins was differently modulated by ohrR disruption in the three growth conditions tested. As a result, redoxdependent regulation of the abundance pattern of antioxidant proteins did not occur in ∆ohrR cells (see Supplemental Table S3 ). OhrR thus governs the redox-dependent regulation of the abundance pattern of antioxidant proteins, including OhrA.
Transcriptional control of ohrRA
Transcription of ohrRA was investigated using real-time RT-PCR with total RNA obtained from wild-type, ∆ohrA and ∆ohrR cells cultivated under low and high-ORP anaerobiosis and aerobiosis. We found that ohrRA mRNA was more abundant in low-ORP anaerobically-grown and aerobically-grown wild-type cells than in high-ORP anaerobically grown wild-type cells (log 2 ~1.2 and 1.0, respectively; p < 0.05). This is consistent with the proteomic data, and indicates that the redox and oxygen-dependent regulation of ohrRA may mainly occur at the transcriptional level. and OhrA (up-regulation), (ii) under high-ORP anaerobiosis, ohrRA transcription could be controlled mainly by OhrA (up-regulation) and (iii) under aerobiosis, ohrRA transcription could be controlled mainly by OhrR (down-regulation). We concluded that the OhrRAdependent transcription of ohrRA is redox-dependent. However, these transcriptomic results
are not fully concordant with the proteomic data, which show that OhrA was significantly less abundant in ∆ohrR cells whatever the growth conditions (Fig. 5B ). This suggests that OhrA abundance may be mainly modulated at the post-transcriptional level when OhrR is lacking.
DISCUSSION
Coping with reductive stress originating from low-ORP conditions (3) is one of the prerequisites enabling pathogens to establish a successful infection in the human intestine.
However, the molecular events necessary for bacteria to cope with this stress are poorly understood. Obtaining low-ORP conditions in in vitro cultures is a technical challenge, which could explain why the overwhelming majority of the relevant literature only reports results from experiments on high-ORP anaerobic growth conditions, such as those generated by nitrogen gas in our study. Here, using H 2 -generated low-ORP conditions and B. cereus as a model bacterium, we provide the first report at both proteomic and metabolic levels to describe how facultative anaerobes overcome reductive stress to grow efficiently under pHregulated and carbohydrate-limited conditions.
Compared to high-ORP conditions (initial ORP = -10 mV), low-ORP conditions (initial ORP = -410 mV) did not lead to marked changes in growth rate and metabolic activity, illustrating the capacity of B. cereus to efficiently maintain its intracellular redox state in response to reductive stress (13) . Current knowledge suggests that redox homeostasis is governed by the antioxidant system that buffers reductants and oxidants (23, 54, 55 cereus adaptation to low-ORP anoxic conditions has proven successful, since we demonstrated that the two-component OhrRA system, which is only described to function as a protection system against organic hydroperoxide toxicity in several bacteria (49, 57, 58) Table S4 for details on the mean proportions of each functional category based on total spectral counts. Full colours in the 
